Introduction
Glial cells express a similar set of ion channels and receptors as neurons (Verkhratsky and Steinhäuser, 2000) . Recently, NG2 cells have emerged as a separate type of neuroglia. While in white matter the majority of NG2-positve cells differentiate into oligodendrocytes, many NG2 cells in gray matter keep their phenotype throughout postnatal life (Dimou et al., 2008) . NG2 cells receive direct synaptic input from glutamatergic and GABAergic neurons, a property whose physiological impact is not yet understood (Nishiyama et al., 2009; Bergles et al., 2010) . While the AMPA receptors of NG2 cells (previously termed complex cells, immature astrocytes, or GluR cells; for review, see Bergles et al., 2010) have been investigated in much detail Matthias et al., 2003; , less information is available about properties and identity of GABA A receptors expressed by these cells.
GABA A receptors are ionotropic pentameric receptors composed of two ␣-, two ␤-, and one ␥-subunit, with the latter being replaced by a ␦-or -subunit in some cells (Olsen and Sieghart, 2008) . Fourteen GABA A receptor subunits (6␣, 3␤, 3␥, ␦, ) are known to form receptors with distinct functional properties. Cell type-specific differences in subunit composition can be distinguished by using modulators and blockers that bind at the numerous allosteric ligand binding sites of GABA A receptors, e.g., benzodiazepines, barbiturates, and Zn 2ϩ (Hevers and Lüddens, 1998; Mehta and Ticku, 1999; Sieghart, 2006) . GABA A receptors form Cl Ϫ -permeable and HCO 3 Ϫ -permeable anion channels. In neurons, a developmental switch from a depolarizing to a hyperpolarizing action of GABA occurs during the first two postnatal weeks, due to an increasing expression of the KCl cotransporter, KCC2 (Rivera et al., 1999; Stein et al., 2004) . Immunostaining suggested expression of KCC2 by oligodendrocytes of the optic nerve (Malek et al., 2003) , while no evidence is available for the presence of this transporter in gray matter NG2 cells. Accordingly, activation of GABA A receptors in these cells is thought to entail depolarization.
In this study we combined functional and molecular techniques to analyze properties of GABA A receptors in NG2 cells and their potential impact on neuron-glia synapses in the juvenile hippocampus. Of particular interest was the question whether the ␥2-subunit is expressed by NG2 cells, because ␥2 is a main constituent of neuronal GABA A receptors and essential for its clustering and anchoring at the scaffolding protein gephyrin, a prerequisite for proper function of postsynaptic receptors (Essrich et al., 1998; Kneussel and Betz, 2000; Alldred et al., 2005) . We report that despite cell typespecific differences in receptor desensitization, NG2 cells are similarly endowed with subunits enabling postsynaptic clustering of GABA A receptors. (Nolte et al., 2001; Matthias et al., 2003) of either sex, aged postnatal days 9 -12 were anesthetized and decapitated. Brains were cut in frontal orientation into 200-m-thick slices or in horizontal orientation into 300-m-thick slices (stimulation experiments) in cold (4°C) oxygenated solution consisting of the following (in mM): 87 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 7 MgCl 2 , 0.5 CaCl 2 , 25 NaHCO 3 , 25 glucose, and 75 sucrose (347 mOsm). Slices were incubated for 15 min in the same solution at 35°C and transferred into artificial CSF (aCSF) containing the following (in mM): 126 NaCl, 3 KCl, 2 MgSO 4 , 2 CaCl 2 , 10 glucose 1.25 NaH 2 PO 4 , and 26 NaHCO 3 after cooling-down to 25°C. Solutions were oxygenated with carbogen (5% CO 2 /95% O 2 ).
Materials and Methods

Preparation of hippocampal slices and acutely isolated cells. Transgenic hGFAP/EGFP mice
For acute cell isolation , brains were cut into 300-m-thick slices in Ca 2ϩ free, oxygenated solution containing the following (in mM): 150 NaCl, 5 KCl, 2 MgSO 4 , 1 Na-pyruvate, 10 glucose, and 10 HEPES, pH 7.4; and stored in this solution at 6°C. The tissue was incubated in oxygenated aCSF containing papain (28 U/ml) and cysteine (0.75 mg/ml) (10 min, room temperature). After wash in aCSF, the CA1 region of the hippocampus was dissected and cells were isolated using Pasteur pipettes.
Electrophysiology, drug application. Slices were transferred to a recording chamber and constantly perfused with HEPES-buffered oxygenized solution containing the following (in mM): 150 NaCl, 5 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 HEPES. For stimulation experiments and recording of tonic currents, aCSF was used. Hippocampal NG2 cells of the CA1 region were identified based on their low EGFP fluorescence, expression of time-and voltage-dependent whole-cell currents, and morphological properties as previously reported (Matthias et al., 2003; Jabs et al., 2005) . The cells were clamped at -70 mV if not stated otherwise. In the current-clamp mode, voltage signals were amplified with a DPA 2F amplifier (npi electronic). Signals were digitized with an ITC 16 (HEKA Elektronik). Whole-cell recordings were obtained at 25°C using an EPC800 amplifier (HEKA). Patch pipettes were fabricated from borosilicate capillaries (Hilgenberg; Science Products) with a resistance between 3 and 6 M⍀. Recordings were monitored with TIDA software (HEKA), filtered at 3 kHz or 10 kHz and sampled at 6 kHz or 30 kHz. Series and membrane resistance were checked in constant intervals with Igor Pro 5.03 software (WaveMetrics). Cells were selected with a microscope equipped with water-immersion/infrared DIC optics (Eclipse E600 FN; Nikon). Whole-cell recordings from isolated cells were obtained at room temperature using an EPC7 amplifier and an inverted microscope equipped with epifluorescence (Axiovert 135; Zeiss). Pulse sequences were generated with an AM-Systems isolation pulse stimulator (model 2100) in the constant voltage mode. Postsynaptic currents were evoked (ePSCs) by near-field stimulation (Jabs et al., 2005) . A low resistance (Ͻ1 M⍀), aCSF-filled glass capillary was used as a monopolar stimulation electrode. It was positioned close to "Se" and "as" indicate sense and antisense primers, respectively. Position 1 is the first nucleotide of the initiation codon. The primer pairs for Alpha, Beta, and Gamma recognize all subunits of the respective receptor family. For the subunits ␣2, ␣3, and ␣4 a common antisense primer was used. For the subunits ␥2 and ␥3 a common sense primer was used. All sense and antisense primers are located on different exons, respectively.
the patch electrode and moved under optical control to optimize PSC recordings. Focal pressure application in situ was performed with an Octaflow system (ALA Scientific Instruments). To analyze receptor kinetics, we used freshly isolated cells and used a rapid concentration-clamp technique for drug application, allowing solution exchanges within 1 ms .
The pipette solution for whole-cell recordings consisted of the following (in mM): 130 KCl, 2 MgCl 2 , 0.5 CaCl 2 , 3 Na 2 -ATP, 5 BAPTA, and 10 HEPES. For determination of receptor current reversal potentials, perforated patch recordings were performed with the following pipette solution (in mM): 125 K-gluconate, 20 KCl, 3 NaCl, 2 MgCl 2 , 0.5 EGTA, and 10 HEPES, pH 7.25. In these experiments, to block voltage-activated K ϩ -, Na ϩ -, and Ca 2ϩ -currents and AMPA receptor-mediated currents, bath solutions with 135 mM NaCl supplemented with the following (in mM): 10 BaCl 2 , 4 4-aminopyridine, 0.03 CdCl 2 , 0.001 tetrodotoxin (TTX), and 0.025 CNQX (300 mOsm) were used. Voltage was corrected for liquid junction potential (13 mV for K-gluconate solution vs blocking solution). Zolpidem, diazepam, DMCM, and SNAP 5114 were dissolved in dimethylsulfoxide (DMSO; final DMSO concentration Յ0.1%). Gramicidin A solution (20 mg/ml in DMSO) was freshly prepared every day and added to the pipette solution at a final concentration of 40 -60 g/ml. Tonic GABA A receptor currents were recorded using the following CsCl-based pipette solution (in mM): 130 CsCl, 2 MgCl 2 , 3 Na 2 -ATP, 0.5 CaCl 2 , 5 BAPTA, and 10 HEPES. Substances were purchased from Sigma and Tocris Bioscience.
Single cell reverse transcription-PCR. After recording, the cytoplasm of individual cells was harvested under microscopic control and reverse transcription (RT) was performed (Matthias et al., 2003) . A multiplex two-round single-cell PCR was performed with primers for ␣, ␤, and ␥ GABA A receptor subunits, respectively (Berger et al., 1998 ; Table 1 ). The first PCR was performed after adding PCR buffer, MgCl 2 (2.5 mM), primers (200 nM each), and Taq polymerase (3.5 U; Invitrogen) to the RT product (final volume 50 l). Forty-five cycles were performed (denaturation at 94°C, 25 s; annealing at 49°C, 2 min for the first five cycles, and 45 s for the remaining cycles; extension at 72°C, 25 s; final elongation at 72°C, 7 min). An aliquot (2 l) of the PCR product was used as a template for the second PCR (35 cycles; annealing at 54°C, first five cycles: 2 min, remaining cycles: 45 s) using nested, subunitspecific primers (Table 1 ). The conditions were the same as described for the first round, but dNTPs (4 ϫ 50 M) and Platinum Taq polymerase (2.5 U; Invitrogen) were added. Products were identified by gel electrophoresis using a molecular weight marker. Specificity of primers was tested with total RNA prepared from freshly isolated mouse brain (p20). For optimization, a two-round RT-PCR was performed with 2 ng of total RNA and primers as described above. Subsequent gel analysis did not detect unspecific products. The primers for the targets were located on different exons to prevent amplification of genomic DNA. Omission of the RT enzyme and substitution of template by bath solution served as negative controls for RT and PCR amplification. To discriminate between expression of ␤2-and ␤3-subunits, the second PCR (␤2/3) was repeated. The PCR product was purified (MinElute PCR Purification Kit; Qiagen) and dissolved in 30 l of H 2 O. Seven microliters of the PCR product was incubated in restriction enzyme (10 U, 6 h, 37°C). cDNA fragments were analyzed by electrophoresis (2% agarose 1000; Invitrogen) using a 50 bp ladder as a length marker. The PCR products for ␤2/3-subunits were digested by PstI (specific to ␤2) and BanI (cleaving specifically ␤3). PstI cut the PCR product (307 bp) into 169 and 138 bp fragments, while BanI produced fragments of 202 and 105 bp length.
Data analysis
To describe modulation of GABA A receptor responses a ratio R was defined as follows:
(1)
Data are given as mean Ϯ SD. Differences between data were tested for significance using Student's t test (paired Student's t test as indicated) or Pearson's 2 test (see Fig. 6D ). The level of significance was set at p Ͻ 0.05.
Results
Pharmacological properties of GABA A receptors in NG2 cells
To quantify receptor current kinetics, freshly isolated cells were used. Fast application of GABA (100 M) to isolated NG2 cells activated slowly desensitizing inward currents (corresponding to Cl Ϫ out- Muscimol ϭ 965 ms). In the same cell, coapplication of bicuculline (20 M) blocked the responses (bottom). B, Fast application of glycine (100 M) and taurine (5 mM) did not evoke receptor responses in acutely isolated cells. C-E, Coapplication of GABA (100 M) with the GABA uptake inhibitors SKF 89976A, SNAP 5114, and nipecotic acid (100 M each, gray traces) did not affect the responses. F, Neither betaine (1 mM), a substrate of the betaine/GABA transporters mGAT2, nor nipecotic acid (500 M), a transportable antagonist of mGAT1 and mGAT4, evoked membrane currents in NG2 cells. Only ␤-alanine (1 mM) activated tiny responses in some cells. Timescale bar in A also applies to B-F. Amplitude scaling in F also applies to E.
ward currents) at holding potential (Fig. 1A) . Receptor responses amounted to -413 Ϯ 260 pA (n ϭ 70), corresponding to a current density of 133 Ϯ 112 pA/pF. Current desensitization could be fit by a mono-exponential function yielding a time constant ϭ 1.25 Ϯ 0.65 s (n ϭ 41). In another 22 cells, two decay time constants were found with fast ϭ 218 Ϯ 207 ms (amplitude factor 0.22 Ϯ 0.16) and slow ϭ 2.48 Ϯ 1.95 s. Increasing GABA concentration to 1 mM produced significantly larger amplitudes (Ϫ631 Ϯ 489 pA, corresponding to 298 Ϯ 276 pA/pF, n ϭ 10) while the desensitization time constants remained unchanged ( fast ϭ 95.1 Ϯ 60.0 ms, amplitude factor 0.19 Ϯ 0.03; slow ϭ 1.63 Ϯ 1.32 s, n ϭ 7). Bicuculline (20 M), a competitive receptor antagonist, almost completely blocked the responses (100 M GABA: decrease to 3.5 Ϯ 2.4% of the control, n ϭ 12; 1 mM GABA: decrease to 7.2 Ϯ 5.7%, n ϭ 8; Fig. 1A , bottom). Responses evoked by muscimol, a GABA A receptor agonist, mimicked those elicited by GABA (100 M muscimol: current amplitudes Ϫ523 Ϯ 213 pA, corresponding to 163 Ϯ 122 pA/pF, mono-exponential current decay with ϭ 1.40 Ϯ 0.93 s, n ϭ 5; Fig. 1A, right) . Muscimol-evoked currents were sensitive to bicuculline (20 M bicuculline: block to 10.0 Ϯ 0.8%, n ϭ 3; Fig. 1A , bottom). Fast application of glycine (100 M, n ϭ 3; 500 M, n ϭ 6) and taurine, an agonist at glycine and GABA A receptors, at concentrations of up to 10 mM (n ϭ 3) failed to induce receptor currents at isolated cells (Fig. 1B) .
GABA-evoked currents in NG2 cells are not mediated by GABA transporters
To test for a potential contribution of transport currents to the GABA-induced responses, we rapidly applied GABA (100 M) together with transport inhibitors to freshly isolated NG2 cells. Four GABA transporters have been cloned. Among them, mouse GAT-1 (mGAT-1) is predominantly expressed by neurons and particularly found on GABAergic terminals in the hippocampus although it has also been localized to glial processes (Minelli et al., 1995; Ribak et al., 1996) . Coapplication of the mGAT-1-specific, nontransportable inhibitor SKF 89976A (100 M) had no effect on GABA-evoked responses (93 Ϯ 18%, n ϭ 5; Fig. 1C ).
The glia-specific transporter mGAT-4 is found in astrocytic processes enwrapping GABAergic synapses (Minelli et al., 1996; Ribak et al., 1996) . To probe NG2 cells for mGAT-4 we applied the nontransportable inhibitor SNAP 5114 (100 M), which did not reduce GABA responses (94 Ϯ 12%; n ϭ 10; Fig.  1D ). The nonspecific, transportable inhibitor nipecotic acid (100 M) also had no significant effect compared with GABA controls (91 Ϯ 17%; n ϭ 6; Fig. 1E ). Neither nipecotic acid (500 M, n ϭ 9) nor betaine (1 mM, n ϭ 6), an mGAT-2 agonist, induced any currents on its own (Fig. 1F ) . Fast application of ␤-alanine (1 mM), which might potentially activate glial mGAT-3 and mGAT-4 transporters, produced tiny inward currents in 5/12 cells tested (24 Ϯ 7 pA). The corresponding current densities were 6.2 Ϯ 1.6 pA/pF, i.e., much smaller than the responses evoked by GABA.
Together, these findings suggest that responses of NG2 cells to GABA were mainly mediated by GABA A receptors. Only in a few cases GABA transport (possibly mGAT-4) might have marginally added to the responses. Fig. 2 ) and 187 Ϯ 22% (n ϭ 3; data not shown), respectively. The ␤-carboline, methyl-6,7-dimethoxy-4-ethyl-␤-carboline-3-carboxylate (DMCM), is an inverse agonist acting at the benzodiazepine site of GABA A receptors. It usually mediates current decreases, except at receptors containing the ␥1-and/or ␤2/3-subunits where positive modulatory effects have been observed (Fraser et al., 1995) . In 7 of 14 NG2 cells tested, DMCM (10 M) led to an inhibition of GABA (50 M)-induced control currents (to 81 Ϯ 6%). In 4/14 cells currents increased upon DMCM coapplication (to 113 Ϯ 8%; Fig. 2) , while in another three cells DMCM had no effect (data not shown). In contrast to the other modulators, the effect of DMCM was irreversible in most cells. Loreclezole (10 M), a specific modulator of GABA A receptors containing the ␤2/3-subunits, enhanced GABA-evoked currents in all cells (to 145 Ϯ 13%, n ϭ 8; Fig. 2 ). All the modulatory effects were statistically significant. Coapplication of GABA (50 M) together with antagonists of GABA B receptors in TTX (1 M)-containing solution did not significantly change the responses activated by GABA alone (200 M phaclofen, to 101 Ϯ 10%, n ϭ 7; 10 M CGP 55845, to 94 Ϯ 17%, n ϭ 10; data not shown). Thus, it is unlikely that GABA B receptors were involved in the GABA-induced responses of NG2 cells. . The membrane was repeatedly clamped between Ϫ100 and ϩ100 mV; the inset shows the current family marked by an asterisk at higher time resolution. At Ϫ70 mV, 0.5 mM GABA induced a peak inward current of 400 pA. A2, I/V curves of the GABA response shown in A1 were determined by subtracting current families evoked before (asterisk) from those at different time points during (ࡗ, OE, and Ⅲ) GABA application, after off-line correction for liquid junction potential. Note the time-dependent shift of the I/V curve (right). B1, Membrane currents of an NG2 cell in the perforated patch mode after depolarization and hyperpolarization of the membrane between Ϫ160 and ϩ20 mV (left). B2, To determine the reversal potential after activation of the Cl Ϫ conductance, cells were analyzed in the current-clamp mode. After wash-in of K ϩ channel blocking solution, a profound depolarization of the membrane potential to approximately Ϫ25 mV was observed. Application of muscimol (400 M) provoked a hyperpolarization to -30 mV and led to a stabilization of the resting potential (left). Right side shows the boxed response at higher magnification. (Kyrozis and Reichling, 1995) . GABA-or muscimol-mediated currents (Fig. 3A1) were isolated in K ϩ channel blocking solution (cf. Materials and Methods) and current-voltage relationships were determined by subtracting currents at corresponding potentials before and during application of the agonist. In these voltage-clamp experiments, we noted an increasing negative shift in the reversal potential, which outlasted GABA application, reaching Ϫ44.5 Ϯ 8.6 mV (n ϭ 4) at 24 s after peak inward currents (Fig. 3A2) Ϫ shift, we switched to the current-clamp mode. Wash-in of K ϩ channel blockers, which is necessary to avoid GABA-mediated K ϩ channel inhibition (Bekar et al., 1999; Bekar and Walz, 2002) , led to a significant depolarization of the resting potential (from Ϫ78.5 Ϯ 4.9 mV to values between -45.0 and Ϫ20.2 mV, n ϭ 6; Fig. 3B2 ). In this blocking solution, the muscimol (400 M, bath application)-activated Cl Ϫ conductance shifted the membrane potential to -27.3 Ϯ 5.8 mV (n ϭ 6) (Fig. 3B2) . This membrane potential corresponds to a [Cl Ϫ ] i in NG2 cells of ϳ50 mM. Washout of the GABA A receptor agonist led to a slow recovery of the membrane potential, which was profoundly accelerated by bicuculline (50 M) or picrotoxin (100 M; data not shown).
GABA
Modulation of phasic and tonic GABA A receptor currents in NG2 cells
To decide which GABA A receptor subunits are preferentially located at postsynaptic sites in NG2 cells, GABAergic interneurons were stimulated (Jabs et al., 2005) and the glial responses were recorded in the presence of diazepam and zolpidem. In diazepam (10 M), ePSCs reached 126 Ϯ 9% of the control (n ϭ 5) (Fig. 4A, top left) while in another three NG2 cells, diazepam had no effect on ePSCs (Fig. 4A, bottom) . Zolpidem (1 M) in a majority of cells potentiated ePSCs (to 128 Ϯ 5%, n ϭ 6; Fig. 4A , top right), while in another three cells ePSCs were not affected (Fig. 4A, bottom) . These results indicate that most of the NG2 cells contained postsynaptic GABA A receptors carrying the ␥2-subunit. Apart from fast synaptic neurotransmission, tonic activation of extrasynaptic GABA A receptors has been observed in neurons (Farrant and Nusser, 2005; Belelli et al., 2009 ). To test NG2 cells for tonic GABA A receptor currents, we used a Cs ϩ -based pipette solution to decrease K ϩ currents. In all cells tested (n ϭ 7), application of bicuculline (10 M) led to a positive shift of the holding current (by 5.3 Ϯ 3.3 pA, n ϭ 7; Fig. 4B, top) . To investigate pharmacological properties of the tonic currents, the ambient GABA concentration in the tissue was enhanced by wash-in of nipecotic acid (1 mM), an inhibitor of the GABA transporters mGAT-1 and mGAT-4. Under these conditions, tonic current amounted to 18.7 Ϯ 7.2 pA (n ϭ 6). Coapplication of nipecotic acid together with diazepam (10 M) significantly increased tonic currents in 4/6 NG2 cells tested (to 140 Ϯ 32%; Fig. 4B , middle) while in two other cells these currents remained unaffected by diazepam. Interestingly, zolpidem (1 M) never did enhance tonic currents of NG2 cells recorded in the presence of nipecotic acid (control: 18.3 Ϯ 8.5 pA; zolpidem: 19.0 Ϯ 9.3 pA; n ϭ 5; Fig.  4B, bottom) . These results indicated the existence of tonic currents in NG2 cells, presumably mediated by extrasynaptic GABA A receptors devoid of the ␥2-subunit.
Analysis of GABA A receptor subunits by single cell RT-PCR
To identify the receptor subunits expressed by NG2 cells, transcript analysis was performed after acute isolation and in situ, subsequent to functional characterization of membrane currents with single-cell RT-PCR. After RT we performed a two-round PCR using primer sets for ␣-subunits, ␤-subunits, or ␥-subunits in the first round, respectively. For the second PCR round subunit-specific primers were used. Restriction analysis was used to test specificity of the primers and identify ␤2-versus ␤3-subunits. The subunits ␣1 to ␣5 were found in 70, 78, 30, 35, and 15% of the NG2 cells tested (n ϭ 46). ␤1 to ␤3 were expressed at a frequency of 50, 64, and 95% (n ϭ 22). All three ␤-subunits were found in 7/22 cells. Among the ␥-subunits ␥1 (77%) and ␥2 (64%) were most frequently detected while 53% of the NG2 cells contained ␥3 mRNA (n ϭ 47; Fig. 5 ). The subunit combination ␥1/␥2 was found in 21 cells, and among them 13 cells coexpressed all three ␥-subunits. Since subunit expression did not correlate with membrane resistance or capacitance, the variability of the expression pattern probably does not reflect different stages of differentiation of the cells investigated.
In another set of experiments we investigated the functional impact of ␥2 expression by determining effects of Zn 2ϩ , an endogenous inhibitor of GABA A receptors. The sensitivity of the receptors to this cation is strongly influenced by the particular ␣-and ␥-subunits forming the pore Smart et al., 1991) . To directly correlate Zn 2ϩ sensitivity with subunit expression in individual NG2 cells, Zn 2ϩ (50 M) was coapplied with GABA (50 M) while AMPA receptors were blocked by CNQX (25 M). Subsequently, single-cell transcript analysis was performed with RT-PCR (Fig. 6 A, B) . We found that cells lacking the ␥2-subunit display a significantly higher sensitivity to Zn 2ϩ block than those cells expressing ␥2 (50 M Zn 2ϩ ; block to 58.6 Ϯ 18.8, n ϭ 14 vs 72.5 Ϯ 10.6%, n ϭ 8; Fig. 6C) . Notably, in cells with higher Zn 2ϩ sensitivity lacking ␥2, ␣1 and ␣5 were also significantly less prevalent (Fig. 6D) . (Table 1) . Phi X174 HincII digest (Eurogentec) was used as a molecular weight marker. C, Summary of the relative frequency of subunit expression by individual cells. Cell numbers are given in parentheses.
Discussion
GABAergic interneurons in the hippocampus synapse onto NG2 cells through monosynaptic innervation (Bergles et al., 2010) . To better understand the physiological impact of these intriguing neuron-glia synapses here we investigated properties of GABA A receptors in NG2 cells combining pharmacological and molecular analyses. With regard to their modulatory properties and subunit composition, the glial receptors resembled many properties of neuronal GABA A receptors. However, slower receptor desensitization was found in NG2 cells compared with neuronal receptors. Importantly, our data indicate that postsynaptic GABA A receptors in NG2 cells carry the ␥2-subunit while extrasynaptic receptors mostly lack ␥2.
Functional properties of GABA A receptors in NG2 glial cells Fast application of GABA or muscimol to isolated NG2 cells in most cases activated slowly desensitizing currents. This finding is in line with the relatively slow decay constants of mIPSCs and stimulus-evoked IPSCs in NG2 glia/GluR cells previously reported (Lin and Bergles, 2004; Jabs et al., 2005) . In hippocampal and cortical neurons, GABA A responses decline bi-exponentially with a rapid time constant (Galarreta and Hestrin, 1997; Berger et al., 1998; fast Ͻ 10 ms). IPSCs and GABA A receptor currents with slower desensitization time constants were, however, also observed in dentate gyrus granule cells (Celentano and Wong, 1994; Draguhn and Heinemann, 1996) .
Receptor desensitization is determined by the subunit composition (Puia et al., 1994; Tia et al., 1996) . The ␣5-subunit causes slowly desensitizing GABA A receptors, although our transcript analysis identified many NG2 cells lacking this subunit. The rapid concentration-clamp technique makes it unlikely that slow agonist application accounted for this particular property, although our application techniques might have been too slow to detect very rapidly desensitizing receptor currents (Ͻ3 ms). Rather, the long-lasting application of GABA onto NG2 cells might play a role because of potential reopening of the receptors from the closed state in the presence of the agonist (Jones and Westbrook, 1995) . Slow receptor desensitization might also have been caused by the high intracellular Cl Ϫ concentration used in our experiments (Houston et al., 2009 ).
Correlation of pharmacological properties with transcript analysis
The benzodiazepine binding site of GABA A receptors is located at the interface of ␣-and ␥-subunits of the receptor complex. Diazepam increased GABA-evoked responses, indicating expression of ␥1-and ␥2-subunits by NG2 cells (Khom et al., 2006; Olsen and Sieghart, 2009 ). Moreover, the modulator enhanced ePSCs in most NG2 cells tested. To further distinguish GABA A receptor subunits by pharmacological analysis we used zolpidem, a selective modulator of receptors containing ␣1/␥2-subunits. Zolpidem was highly efficient at the glial GABA A receptors and, importantly, also increased ePSCs in the majority of NG2 cells. A third of the investigated cells displayed diazepam-and zolpidem-insensitive ePSCs, which have been described in a previous study (Lin and Bergles, 2004) . Zolpidem shows cross-reactivity with ␣2/␣3-containing receptors (Puia et al., 1991; Wafford et al., 1993) . Our RT-PCR analysis revealed frequent expression of ␣1-and ␣2-subunits in hippocampal NG2 cells. Together, the sensitivity of the receptors to diazepam and zolpidem suggested expression of ␣1-, ␣2-, and ␥2-containing receptors at postsynaptic sites of hippocampal NG2 cells, resembling properties of neuronal receptors in this brain region (Olsen and Sieghart, 2008) . To further test for the presence of ␥-subunits we applied DMCM, an inverse agonist acting at the benzodiazepine site, except for receptors containing ␥1 (Ymer et al., 1990; Puia et al., 1991; Wafford et al., 1993; Hevers and Lüddens, 1998) . The modulatory effect of DMCM was inconsistent, suggesting variable expression of ␥1. All NG2 cells were sensitive to loreclezole, which indicated abundant expression of ␤2/3-subunits, which was confirmed by our single-cell RT-PCR. Heterogeneity in mRNA expression patterns has also been observed in cultured oligodendrocyte progenitors, although these cells lacked ␣1 and showed more abundant expression of ␣5-subunits (Williamson et al., 1998) .
The Zn 2ϩ sensitivity of GABA A receptors is determined by ␥-and ␣-subunits Smart et al., 1991; White and Gurley, 1995; Hosie et al., 2003) . In hippocampal neurons, GABA A receptors are strongly inhibited by Zn 2ϩ (Westbrook and Mayer, 1987; Berger et al., 1998) with Zn 2ϩ sensitivity decreasing during development (Martina et al., 1996) . Our data show that hippocampal NG2 cells are heterogeneous with respect to their Zn 2ϩ sensitivity. To directly correlate receptor function with subunit expression, single-cell RT-PCR was performed after determining the Zn 2ϩ sensitivity of individual NG2 cells. Despite some variability, we report that NG2 cells lacking the ␥2-subunit display a significantly higher Zn 2ϩ sensitivity. Moreover, ␣1 and ␣5 were much less abundant in the Zn 2ϩ -sensitive cells compared with those showing low Zn 2ϩ sensitivity. ␥2, together with ␤3, also determines the Zn 2ϩ sensitivity of cortical interneurons (Alsbo et al., 2001 ) and, together with the scaffolding protein gephyrin, the ␥2-subunit is required for postsynaptic clustering of GABA A receptors. It has been reported that the turnover rate of GABA A receptor transcripts is much faster than downregulation of the corresponding proteins (Lyons et al., 2000) , which might have contributed to the variability in Zn 2ϩ sensitivity among the ␥2 mRNA-lacking NG2 cells.
The pharmacological properties of GABA A receptors in NG2 cells differ from those in hippocampal astrocytes, Bergmann glia and Müller cells. ␣2, a main constituent of GABA A receptors, was also observed in Bergmann glia (Wisden et al., 1989; Müller et al., 1994; Riquelme et al., 2002) and hippocampal astrocytes (Fraser et al., 1995) , but the insensitivity of the responses to diazepam and its potentiation by DMCM and Zn 2ϩ (Müller et al., 1994; Fraser et al., 1995; Biedermann et al., 2004) indicated prominent expression of ␥1-subunits by these glial cell types (Wisden et al., 1989; Riquelme et al., 2002) .
Evidence for tonic GABA receptor currents in glial cells
In neurons, GABA may induce phasic and tonic receptor responses (Semyanov et al., 2004 ). To probe NG2 cells for tonic currents bicuculline was applied, which consistently revealed small resting Cl Ϫ outward currents. Thus, in addition to activating synaptic receptors, ambient GABA stimulates NG2 cells through extrasynaptic receptors. To get further insight into the molecular composition of these receptors, tonic currents were enhanced by applying the GABA uptake inhibitor nipecotic acid. While the extrasynaptic receptors were sensitive to diazepam, zolpidem failed to increase tonic currents. These findings suggest that ␥1-or ␥3-containing receptors may be located extrasynaptically while ␥2 is located postsynaptically in NG2 cells. In hippocampal neurons, tonic GABA currents are mediated by extrasynaptic receptors comprising the ␣5-subunit (Kneussel and Loebrich, 2007; Glykys et al., 2008) . In cortical NG2 cells, synaptic activation of GABA A receptors was only observed during the first two postnatal weeks and subsequently disappeared. This change might be due to altered subunit composition and/or impaired postsynaptic receptor clustering (Vélez-Fort et al., 2010) . Tonic activation of GABA A receptors in glial cells was recently shown to represent a chemotactic cue that is crucial for NG2 cell migration (Tong et al., 2009 ).
Functional implications
Reversal potential analysis in the voltage-clamp mode revealed GABA current reversal at Ϫ44 mV in NG2 cells, very similar to the data previously reported (Lin and Bergles, 2004 (Akopian et al., 1996) and Ca 2ϩ -induced Ca 2ϩ release (Haberlandt et al., 2011) . Indeed, Ca 2ϩ signaling upon GABA A receptor activation has been demonstrated in cultured glial precursor cells (Kirchhoff and Kettenmann, 1992) and in NG2 cells (Tanaka et al., 2009; Haberlandt et al., 2011) . Depolarization of NG2 glia through presynaptic stimulation also induced [Ca 2ϩ ] i increases in these cells (Haberlandt et al., 2011) . GABA-dependent Ca 2ϩ transients might stimulate BDNF secretion as has been demonstrated in cultured NG2 ϩ / nestin ϩ cells (Tanaka et al., 2009 ) and regulate process motility (Haberlandt et al., 2011) . While GABA-mediated excitation is crucial for proper neuronal morphology (Cancedda et al., 2007) and neural progenitor cell proliferation (Young et al., 2012) , its physiological impact on NG2 cells is not yet understood. Future research has to unravel whether GABA signaling is also needed for glial process maturation, secretion of neurotransmitters, and possibly formation of neuron-glia synapses.
